We investigated the crystal structures of high-and low-temperature phases in Sr 4 [Al 6 O 12 ]SO 4 , and their thermal behavior by high-temperature X-ray powder diffraction (Cu K¡ 1 ), differential thermal analysis, and temperature-dependent Raman spectroscopy. The crystal structure at 298 K was isomorphous with that of Ca 4 [Al 6 O 12 ]SO 4 (space group Pcc2 and Z = 4). The structural model at 573 K (space group I23 and Z = 2) was characterized by the positional disordering of oxygen atoms that form [SO 4 ] tetrahedra. The maximum-entropy method-based pattern fitting method was used to confirm the validity of these structural models, in which conventional structure bias caused by assuming intensity partitioning was minimized. The starting temperature of the cubic-to-orthorhombic transformation during cooling (= 524 K) was slightly higher than that of the reverse transformation during heating (= 519 K). The negative thermal hysteresis (= ¹5 K) strongly suggested the transformation being thermoelastic. At around the transformation temperature during heating, the vibrational spectra, corresponding to the Raman-active [SO 4 ] internal stretching mode, showed the continuous and gradual change in the slope of full width at half maximum versus temperature curve. This strongly suggests that the phase transformation would be principally accompanied by the statistical disordering of oxygen-atom positions, without distinct dynamical reorientation of the [SO 4 ] tetrahedra.
Introduction
Calcium sulphoaluminate, Ca 4 [Al 6 O 12 ]SO 4 , is a member of the sodalite family, and its solid solution is a main constituent of sulphoaluminate cements.
1) The high-low phase transformation in Ca 4 [Al 6 O 12 ]SO 4 has been firstly recognized by Andac and Glasser.
2) The crystal structure of the high-temperature (HT) phase has been subsequently determined at 1073 K by Kurokawa et al., 3) which is cubic with space group I 43m and unit-cell dimensions a = 0.92426(2) nm and V = 0.78955(2) nm 3 (Z = 2). The positional disordering of oxygen atoms that form [SO 4 ] tetrahedra has been peculiar to the crystal structure. The orthorhombic crystal structure of the low-temperature (LT) phase (space group Pcc2 and Z = 4) has been reported by Cuesta et al., 4) which shows a √2a c ©√2a c © a c supercell based on the cubic structure. The starting temperature of cubic-to-orthorhombic phase transformation during cooling (= 742 K) has been higher than that of reverse transformation during heating (= 711 K), hence the negative thermal hysteresis (= ¹31 K) has suggested the thermoelasticity of the transformation, 3) in which the stored elastic energy contributes to the reverse phase transformation. 5) Crystal structures are typically represented by ball-and-stick models, in which the spheres and rods correspond to, respectively, atoms and bonds. In case that the three-dimensional positions of atoms are disordered, the split-atom modes are often used to adequately represent the positional disordering. However, it is quite difficult to readily build appropriate split-atom models in conventional X-ray powder diffraction (XRPD) method. The disordered crystal structure of the HT-phase Ca 4 [Al 6 O 12 ]SO 4 has been represented by the split-atom model, which was successfully constructed by the recently developed techniques for crystalstructure analysis from XRPD data. The relevant techniques include the combined use of the Rietveld method, 6) the maximumentropy method (MEM), 7) and the MEM-based pattern fitting (MPF) method. 8) The MEM and MPF analyses are alternately repeated (REMEDY cycle) until the reliability indices reach minima. 9) The crystal structures can be seen clearly from threedimensional electron-density distributions (EDDs), as a consequence of MPF. With the HT-phase Ca 4 [Al 6 O 12 ]SO 4 , the threedimensional EDDs at the oxygen site were broadened around the triad axis of space group I 43m (Fig. 1) . Thus, the atom arrangements were well represented by the splitting of oxygen site, the symmetry of which was decreased from 8c (point symmetry 3m) to 24g (point symmetry m).
Although the high-temperature X-ray diffractometry is one of the most effective methods for determining crystal structures, the EDDs presumed from the MPF method entirely corresponds to the space-time averaged distributions of atoms around their average positions in the crystal lattices. On the other hand, we are able to probe the dynamics and statistics of atoms at high temperatures using temperature-dependent Raman spectroscopy. 3)
The calcium sulphoaluminate phase in cements necessarily contains foreign ions such as Na + and Fe 3+ .
2) Hence, the crystal structures of the HT-and/or LT-phases as well as the phase transformation temperatures would be modified by the formation of solid solutions. In the present study, we have focused on Sr 4 [Al 6 O 12 ]SO 4 as an analogue of calcium sulphoaluminate solid solution, and determined the crystal structures of high-and lowtemperature modifications from the XRPD data. The validity of the final structural models was confirmed by the threedimensional EDDs determined by the MPF method. The crystal structure of the HT-phase has been characterized by the positional disordering of the O atoms with [SO 4 ] tetrahedra. The change in Raman band corresponding to the¯1 mode during heating has strongly suggested that the phase transformation is accompanied by the statistical disordering of the oxygen-atom positions.
Experimental 2.1 Material
The reagent-grade chemicals of SrCO 3 (99.5%, Kishida Chemical Co., Ltd., Osaka, Japan), Al 2 O 3 (99%, Kishida Chemical Co., Ltd., Osaka, Japan), and SrSO 4 (98%, Kishida Chemical Co., Ltd., Osaka, Japan) were mixed in molar ratios of [ 4 with a small amount of SrAl 2 O 4 as a secondary phase. The latter phase would be formed by the small deviation from stoichiometry in weighing chemicals. The sintered material was finely ground to obtain powder specimen.
Characterization
We investigated the thermal behavior of Sr 4 [Al 6 O 12 ]SO 4 with heating and cooling rates of 10 K min ¹1 up to 1173 K by a differential thermal analysis (DTA, Model TG8120, Rigaku Co., Tokyo, Japan), and determined the transformation temperatures. The XRPD intensities were collected at two different temperatures of 298 and 573 K on a diffractometer (X'Pert PRO Alpha-1, PANalytical B.V., Almelo, the Netherlands) equipped with a heating stage (HTK-1200N, Anton Paar Co., Virginia, U.S.A.) and an incident-beam Ge(111) Johansson monochromator to obtain Cu K¡ 1 radiation. The X-ray generator was operated at 45 kV and 40 mA. Other experimental conditions were: continuous scan, experimental 2ª range from 5.01 to 148.89°(8611 total data points) at 298 K, and 10.01 to 148.91°(8312 total data points) at 573 K. An automatic divergence slit was used to keep a constant illuminated length of 5 mm on the specimen surface. The crystalstructure models, equidensity isosurfaces of EDDs, and twodimensional EDD maps were visualized with the computer program VESTA. 11) We standardized the structural data according to the formulated rules by Parthé and Gelato 12) using a computer program STRUCTURE TIDY. 13) We obtained the Raman spectra from the powder specimen in a back-scattering geometry using a T6400 spectrophotometer (HORIBA Jobin Yvon SAS, Longjumeau, France) operating in single configuration (one 600 gr/mm gratings) associated with a liquid nitrogen-cooled CCD detector. The green line of an Ar + / Kr + laser (514.532 nm) was used for the excitation with a laser power of 20 mW. The spectral resolution was ca. 4.5 cm ¹1 at the exciting line. The Raman probe lighting diameter was ca. 2¯m on the sample. The specimen was heated using a Linkam furnace (THMS/1500, Surrey, U.K.) from 298 to 773 K. The base-line was subtracted for each spectrum and then the intensity of each spectrum was divided by its own average so that the spectra can be rigorously compared with each other. A Bose-Einstein correction was applied for each spectrum in order to take into account the thermal effect. 14) 3. Results and discussion 3.1 Initial structural model of high-temperature phase The XRPD pattern taken at 573 K, which is above T H , showed the presence of a weak diffraction intensities peculiar to SrAl 2 O 4 ( Fig. S2) . All of the other diffraction peaks were successfully indexed with a cubic unit cell (a µ 0.943 nm) of the HT-phase Sr 4 [Al 6 O 12 ]SO 4 . The unit-cell parameters and integrated intensities were refined by the Le Bail method 15) using the computer program RIETAN-FP.
16) The observed diffraction peaks were examined to confirm the presence or absence of reflections. Systematic absences h + k + l º 2n for hkl reflections were found, which implies that the possible space groups are I23, I2 1 3, Im, I432, I
43m, and Im 3m. All of the possible space groups were tested using the EXPO2014 package 17) for crystal structure determination. A promising structural model with a reliability (R) index 18) R F of 30.0% was successfully obtained for the space group I23 (noncentrosymmetric). There are five independent sites in the unit cell; one Sr site at Wyckoff position 8c, one Al site at 12d, one S site at 2a, and two O sites at 24g (O1) and 8c (O2). The structural parameters of all atoms were refined by the Rietveld method using the computer program RIETAN-FP. The structural model of SrAl 2 O 4 (space group P2 1 and Z = 4) 19) was included in the refinement as the coexisting phase. A Legendre polynomial was fitted to background intensities with twelve adjustable parameters. The split pseudo-Voigt function 20) was used to fit the peak profile. The refinement resulted in the relatively large isotropic displace- 3) Isosurface expressed in smooth shading style for an equidensity level of 0.0014 nm ¹3 . Because the occupancies of oxygen sites are less than unity, the oxygen atoms occupying there are displayed as red circle graphs for occupancies. ment parameters (U iso ) for Sr (= 6.0(6) © 10 ¹4 nm 2 ) and O2 (= 67(4) © 10 ¹4 nm 2 ) with unsatisfactory R indices of R wp = 17.04%, S (= R wp /R e ) = 2.06, R p = 12.83%, R B = 15.98%, and R F = 11.34%. Furthermore, the SO2 bond length of 0.121 (5) 
Split-atom model of high-temperature phase
The relatively large U iso -values of Sr and O2 promoted us to build a split-atom model for these sites. The splitting of atoms is generally performed in two different ways. One is to split the relevant site into two or more fractions, and the other is to decrease the site symmetry. To visualize the EDDs and subsequently modify the initial structural model, the MPF method was applied to the present Rietveld result. The EDDs with 184 © 184 © 184 voxels in the unit cell, the spatial resolution of which is approximately 0.005 nm, were obtained using the computer programs RIETAN-FP and Dysnomia. 23) After three REMEDY cycles, R B and R F further decreased to 9.80 and 7.44%, respectively (R wp = 13.46%, S = 1.62, and R p = 10.32%). Subtle EDD changes as revealed by MPF significantly improved the R B and R F indices; the decreases in R indices demonstrate that the crystal structure can be seen more clearly from EDDs instead of from the structural model. The equidensity isosurfaces of EDDs that correspond to the Sr site showed broadening, which would cause the relatively large U iso -value of the Sr site. Hence, we split the Sr site into two fractions (SrA and SrB) in the revised structural model. On the other hand, the EDDs at the O2 site showed the splitting of EDDs. The bird's eye view of EDDs on a (111) plane near the O2 site demonstrates that parts of the EDDs are divided into three around the triad axis of the space group I23, although the other parts are in accord with the original O2 position (Fig. 2) . Thus, we have divided the O2 site into two (O2A and O2B). The site symmetry of O2B was decreased from 8c (point symmetry 3m) to 24g (point symmetry m), whereas that of O2A was unchanged.
The distribution of Sr atoms between the split sites was refined by imposing a linear constraint on occupancies (g); g(SrA) + g(SrB) = 1. The g-values of O2A and O2B sites were constrained as g(O2A) + 3 © g(O2B) = 1. After the Rietveld refinement adopting the split-atom model, the reliability indices (R wp = 11.23%, S = 1.36, R p = 8.57%, R B = 6.13%, and R F = 4.22%) as well as the U iso (Sr)-and U iso (O2)-values significantly decreased as compared with those of the former results. The crystal data are given in Table 1 , and the final atomic positional and U iso parameters are given in Table 2 . Selected interatomic distances and their standard deviations are listed in Table S1 (Supplementary information). Figure 3(a) shows the refined structural model Fig. 2 . A bird's eye view of electron densities with O2 atom up to 1.22% of the maximum (0.001275 nm ¹3 ) on the plane parallel to (111) with the distance to S atom being 0.131 nm. 4 ] tetrahedra occupy at the center of the cages. The MPF method was subsequently applied, so as to extract structural details and consequently improve the EDDs. After one REMEDY cycle, R wp , S, R p , R B , and R F further decreased to 11.00%, 1.33, 8.16%, 2.37%, and 1.51%, respectively. The decreases in R indices demonstrate that the crystal structure can be seen more clearly from EDDs instead of from the conventional structural parameters reported in Table 2 . Observed, calculated, and difference XRPD patterns for the final MPF are plotted in Fig. S2 . The EDDs determined by MPF in Fig. 3(b) are in reasonably good agreement with the atom arrangements in Fig. 3(a) . For example, the equidensity isosurfaces of EDDs at O2A and O2B sites are in harmony with the atom arrangements [ Fig. 4(a) ]. The bird's eye view of EDDs on the (111) plane at the height of O2A site demonstrates only one maxima on the triad axis [ Fig. 4(b) ]. On the other hand, at the height of O2B site, there are three sharp maxima around the triad axis [ Fig. 4(c) ]. We found the peak positions of EDDs from the three-dimensional voxel data, and compared them with the coordinates of all atoms that were determined by the Rietveld method. The positional deviations of all atoms in the unit cell were necessarily less than 0.004 nm, which is within the resolution limit of the three-dimensional EDDs. We have also confirmed the validity of the structural model by the charge distribution method, 24) , 25) in which the ratio of the formal oxidation number (q) to the computed charge (Q) of cation [= (q/Q) cation ] indicates the correctness of the structure determination. Actually, the (q/Q) Sr -, (q/Q) Al -, and (q/Q) S -values are all close to unity (Table S2) . From the above, we have concluded that, as long as the crystal structure is expressed by a ball-and-stick model, the final structural model is satisfactory.
Quantitative X-ray analysis with correction for microabsorption according to Brindley's procedure 26) was implemented in the program RIETAN-FP. The phase composition of the sample was found to be 94.0 mol % Sr 4 4 tetrahedra were inconsistent with the atom arrangements. Furthermore, the R-indices after four REMEDY cycles were unsatisfactorily high with the R indices of R wp = 12.92%, S = 1.56, R p = 10.01%, R B = 5.88%, and R F = 4.09%.
Structural model of low-temperature phase
The XRPD pattern taken at 298 K, which is below T L , also showed the presence of a weak diffraction intensities peculiar to SrAl 2 O 4 (Fig. S3) . All of the other diffraction peaks were successfully indexed with an orthorhombic unit cell of a µ 1.3323 nm, b µ 1.3324 nm, and c µ 0.9379 nm. The unit-cell parameters and integrated intensities of the LT-phase Sr 4 [Al 6 O 12 ]SO 4 were refined by the Le Bail method using the computer program RIETAN-FP. The observed diffraction peaks were examined to confirm the presence or absence of reflections. Systematic absences were found for the reflections of l º 2n for 0kl and l º 2n for h0l, which implies that the possible space groups are Pcc2 and Pccm. All of the possible space groups were tested using the EXPO2014 package for crystal structure determination. A promising structural model with a reliability index R F of 15.0% was successfully obtained for the space group Pcc2 (noncentrosymmetric).
There are twenty-nine independent sites in the unit cell; four Sr sites at Wyckoff position 4e, eight Al site at 2c (Al1), 2d (Al2), 2b (Al3), 2a (Al4), 4e (Al5, Al6, Al7, and Al8), one S site at 4e, and sixteen O sites at 4e. The present refinement procedure was very similar to that of the HT-phase. The LT-phase Sr 4 [Al 6 O 12 ]-SO 4 was found to be isostructural with the LT-phase of Ca 4 -[Al 6 O 12 ]SO 4 [ Fig. 5(a) ].
3) The refinement resulted in the satisfactory R indices of R wp = 10.87%, S = 1.39, R p = 8.26%, R B = 4.84%, and R F = 2.85%. The crystal data are given in Table 3 , and the final atomic positional and U iso parameters are given in Table 4 . Selected interatomic distances and their standard deviations are listed in Table S3 . Because each of the (q/Q)-values ) on the plane parallel to (111) with the distance to S atom being 0.105 nm. Because the occupancies of O2 sites are less than unity, these atoms occupying there are displayed as red circle graphs for occupancies.
for Sr, Al, and S was close to unity (Table S4) , we concluded that the final structural model is reasonably satisfactory. We also confirmed the validity of the structural model by the EDDs that were determined by the MPF method. The EDDs in Fig. 5(b) are in harmony with the atom arrangements in Fig. 5(a) .
Phase transformation and structural comparison
The phase transformation temperatures showed the negative thermal hysteresis of ¹5 K (= T H ¹ T C ). Thus, the present transformation could be thermoelastic martensitic, in which the stored elastic energy contributes to the driving force for the reverse (orthorhombic-to-cubic) transformation during heating. Each of the temperature-dependent Raman spectra in Fig. 6 demonstrated the presence of a strong band at ca. 976 cm ¹1 , which corresponds to the¯1 symmetric stretching mode of the [SO 4 ] tetrahedra. 28) During heating up to 773 K, the spectral profile showed continuous minor modifications. The full width at half maximum (FWHM) of¯1 stretching band was ca. 10.6 cm ¹1 at 298 K, and it gradually broadened to ca. 19.8 cm ¹1 at 773 K (Fig. 7) . There were no radical changes in FWHM nor peak height at around the phase transformation temperature, hence it is improbable for the orthorhombic-to-cubic transformation to be caused by the dynamical reorientation of the [SO 4 ] tetrahedra. Thus, the transformation would be accompanied by the statistic disordering of oxygen atom positions as suggested for Ca 4 -[Al 6 O 12 ]SO 4 .
3)
The structural models were isomorphous between the orthorhombic modifications of Sr 4 4 . At ambient temperature, the unit cell dimensions were larger (2.2% for a, 2.2% for b, 2.3% for c, and 6.9% for V ) for the former than for the latter. When compared the corresponding bond lengths between the two structures, the distances were most significantly different between SrO (Table S3) and CaO (Table S5) . Actually, the average distance of SrO (= 0.270 nm) was ca. 8.4% longer than that of CaO (= 0.249 nm). However, the expansion of the unit cell would not be caused solely by the increment of bond lengths. The increases of AlOAl angles Atom numbering corresponds to that given in Table 4 . (b) Threedimensional electron-density distributions determined by MPF. Isosurfaces expressed in smooth shading style for an equidensity level of 0.0032 nm ¹3 . Fig. 4(a) ]. On the other hand, the corresponding oxygen atoms occupied a single split site of 24g with g = 1/3 for Ca 4 [Al 6 O 12 ]SO 4 (Fig. 1) . The splitting of alkaline-earth-metal site was also peculiar to the former structural model.
Conclusion
We determined the crystal structures of low-and hightemperature modifications of Sr 4 [Al 6 O 12 ]SO 4 by the XRPD data at, respectively, 298 and 573 K. The low-temperature modification was found to be isostructural with that of Ca 4 [Al 6 O 12 ]SO 4 (space group Pcc2). The crystal structure of the high-temperature phase was characterized by the positional disordering of the oxygen atoms that form [SO 4 ] tetrahedra. Hence, the structural model was satisfactorily represented by the split-atom model with space group I23, the validity of which was confirmed by the EDDs determined by MPF method. The starting temperature of the cubic-to-orthorhombic transformation during cooling (= 524 K) was slightly higher than that of the reverse (orthorhombic-tocubic) transformation during heating (= 519 K). The negative thermal hysteresis (= ¹5 K) strongly suggested the transformation being thermoelastic. The¯1 mode of the [SO 4 ] tetrahedra continuously exhibited the gradual broadening with increasing temperature up to 773 K, which indicated that the orthorhombicto-cubic transformation would be accompanied by the statistical disordering of oxygen-atom positions. 
